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DETERMINATION OF ¥QUATION-OF-STATE PARAMETERS FOR
FOUR TYPES OF EXPLOSIVE*

Abstract

The detonation paramatars of a
reprascentative of each of four types of
commercial explosive (a mixture of
ammonium nitrate and fuel oil, commonly
callad ANFO, a traditional stick dynamite,
an aluminized slurry blasting agent, and a

nonalumind zad slurry blasting agent) wexe
determined experimentally by instrumented
cylinder and hemisphére teats. The

equntion-of-stntg paramaters for each of

the materials were then calculated by
using the J-W-L equation of state.

Introduction

The research described in this rveport

<’ T

vy the Army

(47

is part of a program develops
Corps of Engincevs and fundad by the
National Sciencs Foundation. The full
program is directed toward the development
of blasting techmology in genmeral. It
includes hydrodynamic calculations of
explosion affects, followed by testing at
experimental ond full-scale levels. The
goal 1s to produco guidelines for blast-hole
burden and spacing, detonation timing, lift
height, and stemming specifications.

The part of the prrgram reportéd here
was done by the Organic Materials Division
(OMD) of Lawrence Livermore Laboratory.

The Corps of Eugineers requested that OMD
applv a suitable equation of state to
samples from four categories of commercial

*Prepared for the U,S. Army Corps of
Engineers, with the support of the Natioual
Science Foundation.

explosives and blasting agents: 1) a mix=

tuyre of anmonium nftvrata and fuel oil
(ANFO), 2) a atick-type dynamite, 3) a
nonaluninized, watereregistant blasting
agont, and 4) an sluminized water-resistant
blasting agent.

A survey of the current explosives
market was made, and the commercial products
that appeared most promising for our pur-
poges werve selected, We performed experi-
ments which consisted of making measureoments
on a detonating explosive charge of the
sample material confinoed by a mass of
metal. The dats from these experiments
were used in computer calculations to
determine the valuas of the parameters in
a suitable equation of state describing the
gasaeous detonation »nrnducts of each of the
four composi. - explosives. The equation-
of~state results were then used ss input
for hydrodynamic calculations simulating

blasting in rock environments.
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Available Explosives and Selection Criteria

The Army Corps of Engineers required
tests on samples from four oatepories of
explosive or blasting agent. They prnvided
two simple puidelines for choosing explo-
aives within the four categorias: 1) a
detionation pressure of 50 kbarg or more
oud 2) continuing availability of the
material. We were glven tha rasponsibility
for evaluating the candidates and making
the final choices.

In the survay of the market of com=
merclial blasting agents and explosives, it
was found that thare is an abundance of
products: dry blasting agents, sluyry
blasting agents, slurrv explosives, and
dynamites, packagad in evary concaivable
way, from sausage casing to pump truck,
The traditional nitroglvcarin dynamite is
belng phased out of production by most
conpanies because of its expense and
hazardousness.

Commercial blasting agents and explo-
gives are formulatod and packaged to do
specialized jobs. Besides the well-kuown
mining "permissibles," with their cooler
flames and less noxious gasaes, there are
soismological blasting agents, some for
use under dry conditicns and others for
wet conditlonsi there are small-diameter
cylindars for presplitting (for either wet
or dry situationg): there are formulations
that resist deactivation due to high bore-
hole nressure; there are formulations that
are spacifically for use in smail-diameter
holes; there are formulations with long
shelf-1ives.

Many of these formulations evolved
through trial and errcr in the field: very

few have been performance-tested extensively

-2-

ot precisely in the laboratory. Often
there is minimal quality control of the
ingredients, &2 that purity and particla
siza vary from lot to lot. The carbonsceous
iugraodionts often vary in type, deponding
upon availability and prica. A company's
offarings may substantislly change from
year to yaarj in tha racent past, wote
products have bean withdrawn from thae
markat than have beean added. Oftaen a prod-
uct will keep tha same brand name but will
vary in conposition from time to time.

Commarcial establishments have
universally designated ctheir explosiva
formulations as proprietary and are reluc-
tant to glve out such information. Since
this informatlon was essentlal to our
study, some products had to ba aliminated
as candidates because formulation informa~
tion was not forthcoming. A list of all
currently avallable commercial explosivas
1s given in the Appendix., Most companies
list some basic data other than ingredients
about their products: density, uncounfined ;
detonation velocity at one diameter, bubble ?
anargy or total euergy, atc. This is |
included in the Appeundix.

The products used in this study were
chosen for conform.ty to the Corps of
Engineers' requivements and for experi-
mental feasibility, which ontailed shot- ‘
test reliability and reproducibility,
homogeneous loading, and closeness to
“{deal" detonation behavior.

The criterion of ideal behavior
deserves elaboration, Commercial blasting
agants ara composite 2yplosives, not
homogancous explosives. Upon detonation,

only a fraction of the mater{ial in the




reaction zona 1s convarted to reacted
products (mostly gasoous) in thermodynamic
equilibrium.
roacts over an oxtondoed tima, rvesulting in
This
is in contrast to a homogonoous axplosive
such as nitromothana, in whioch all the
unreactod matarial in the reaaction zone 1s
convarted to products within a vary short
time as the shock wave traverses the

m serial.
of nature that no exploaive is truly idecal

The romainder of the material

a lowor but wmore sustsived pressure.

Ie i3 almost cartainly a fagt

in ity detonation bahavior: howevar,
explosives such as nitromothana can axhibit

Explosive Selection

ANTO

Ay the ammonium-nitrate=and=-fuel-oil
(ANFO) blasting agont, we choae a prilled
ANFO from Gulf,* NCN=100 blasting agent,
which consisted of N-IV-grade prilled
ammonium nitrate (AN) and No, 6 diesel
fual oil (FO).
material indicated it to bo & reasonable

Recent work using this
eundiducu.l’z Moat ammoniuwm nitrate prills
on the market are similar, although some
contain adductT to prevent the solid-
solid phase change which occurs at 33°C.
All prills are coated with an ancticaking
agent and can be crushad to the degree
necessary te attain the desirad bulk
density.

*Re farence t0 & company or product name
does not imply approval or recommendation
of the product by the University of Cali-
fornia or the U.S, Fnergy Research &
Development Administration to the exclusion
of others that mav be suitable.

"Dy ammonium phosphate, boric acid, and
amnonium sulfate.

-3-

behavior which is ideal to within
experimental error. A groat mony coti-
plications can bo avolded by applying

an aquation of stato to a material which
bahaves unecarly ideclly. Particle size
and charge diameter influanca the dogree
to which a particular formulation
approaches idaal detonation behavior.
Thus we restrictad our cholce of
axplosive ot blasting agent to thoae fox
which the manufactuvor's litorature
indicatod maximum idoality. (ldeality is
discussed in greater detail in the
goction on equation uf stata.)

The prills are mixed with No., 6 diesel
fuel so that the resultant ANFO is 94%
emmonium nitrate and 6X fuel oil by waipght, !
The Gulf N=IV prills had a density of
0.88 g/cm3, were coatad with 0.43-0,88%
Kaolin to prevent caking, and had a mixture

of particla sizes.

DYNAMITE

There were several good candidates
for the stick dynamite sample: Du Pont
Red Cross 50X Pxtra, Atlas 60X Extra Dyna-
mite, Trojan-U.S. Powder 60% nitroglycerine
sensitized ammonia dynamite, and Hercules
Unigel.
more of the smaller ammonium nitrate parti-

We chose Unigel because it had

c:3s than thoe other condidates, had a lov
sndium nitxate content (sodium nitrate
reduces detonation temperature, and there-
fore reduces pressure), was a water-resistant
gel, snd, as far 83 could be determined,
would continue to be producad in tha future.,
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NONALUMINIZED SLURRY BUASTING AGENT

For the nonaluminizeod slurry axplosive
or blasting agont, we chese Du Pont lourvex
Extra, We were interosted in davelopiug
aquation-of-statoe parometers for this
relatively naw produst, which Du Pont offovad
e 8 rcplacemant for dynamite. It comtainad
a mouomethylaming nitratea (MMAN) eensitizer,
8 substance not before widely used in this
copacity. Originally we had wantad to try
Tovax 530, but thise ie a stiff, almoat
gsolid gal; in order to sasily load cvur
cylinders, we switchod to Pourvex Fixtea,
which 1a the pournble equivalent of Tovex
550, Docause this product was a relativoly
now dovelopment, obtaining the necessary
proprietary compositional data was a long,
af fortfus process.

ALUMINIZED SLURRY BLASTING AGENT
Wo salectad Atlas Aquanal fov ths

aluminizad slurry blasting agent. The

usual alutry blasting agent or aslurry
explosivoo wora thickoned by a gum golling
syatem and by 4 hlgh congontration of
widissolved nmolids. Tho Aquanal alurry
Wad an cmulaton, vhere micronvopic cells

of water und dissolved oxidiser sults wore
guspendad in a continuous madium of waxy
oil containing dispersed air bubbles and
aluminum.3 Particle pize was meaninglass
in this system. Unoonfined, in 38,1-mm
diamater, thia amulsion was raportad to
datonata reliavly, with vary high veloeitiosa.
The performance was reportdd to ba wuch
cloger to ideal than that of the usual
aluminfzod alurry. Howevor, after reveiv-
ing this material wo wer& informed that the
proferrad wax used in the emulaion vag in
ghort supply and that a nonprefarrad wax
had therefors boan auba:ituted.k This aub=-
stantlially ehanged the performance of the
blaerine acont. as va describe in subsa-

quent sectious.

Explosive Performance

Porformence psramaters were obtained
from events recorded durinpg detonation of
s oxploaive charge confined by matal.
Datonation velocity and metal-wall motion
wora measureu in scaled metal-accelervation
experiments i{n which explosive composition
and density were accurately known. Scallryg
of the experiments was made possible by
changing charge diametor while maintaining
a constant ratio of motal mass to axplosive
wass. An ideal explosive will exnibit a
constant vate of energy releasc over o
wide range of diameters. The decrease in
rate of energy release at smaller diameters

is a measure of tho nonideality uf the
a¥plosive.

Aluminum spheres and copper cylindera
wore ugod as test hardware, Tho explosive=-
to-metal mavs vatio in the aphere tost ia
16.2 timas that in the cylinder teat., 7The
direction of propagation of the explosive
shock wave is normal to the wall of the
sphoroe and parallel to the cvlinder wall,
For these reasons, plus the greater divar=
gonce in spherical geomoatry, the sphere
test reflecta the presaura hiscoiy primatily
in the early oxpansion of the hiph-explosive
product gases. The cylindor test, on the

=-h-




othor hand, providas o olowly expanding
systam which ia more saneitive to latey
bahavior. Tabla 1 aummarises tho dimeus

sions of tho procielon motal containeps.

Tabla 1. Test hardware dimensions.
Laside Wall

dtamatey thicknase  Longth

Type (i) {mm) (mem)
Cylinder 50.8 5,197 304.8
Cylindar 101.6 10,399 1016.0

Sphare 203.2 4,233 -

Sphere 406.4 8,467 -

The aphota=tast contdinar, shown in
Fig. 1, conaists of a hamiapharical vottom
with a cylindrical top saction. The lanpth
of the top sdctisn iz momawhat praatar than
tha radius of tho hemtaphere. Tho precision
cover pormits gccurate positioning of the
booster cavity in the esutar of the howi-
aphere. Tho vald ramaining in the booster
cavity aftar the booastor has boow inscalled
i fillaed with floke TNT to provide an
approxivato density mateh with the oxplo-
sive Leing tested. Dacausc detonation
volocity waa wnot msasurod procisely in the
aphexe test, an catimnto was mels from
streaking-camara rucords,

Both datonation velocity and matale
wall motion were mapsuxad pracisely in the
cylinder test., The cylindor-tost configs
uration is shown in Fig. 2.

velocity wes measurod by obtaining times

Detonation

batwaon maagurad sots of shorting pins.
Two pin rings containing eix pine sach
were located 215 mm apart om the 50.8-ma
(2-1n.; ceylinder ond 457 am apart on the
101,6-mm (4-in,) cylindev.

w5

N ST

EBW
datonutor

PBX 2404
50,8 mm dlam

Hemlspherlcal shell; aluminum, ASTM=6081T4,
damity 52,70 9/emo L> R
Inittaton radius of PBX 9404 = 2,54 em

Fig. 1. Sphere=-test havdware.

Deta on dotonation velocity and denaity
ar¢ poosented in Table 2.

To obtain motai-wall velogity, cach
tegt was viowad by two streaking camorvaa
ond one framing camerez Thoe diagnostic
arrangement is shown in Fig, 3, When both
atroaking-camera racords were of acceptable
quality, thay ware averaged togothar.

Table 3 vresonts the radius = wall-
valocity hiatorias of all shots fired in
the saeries. Table 4 roprasents the radiug -
time historieo, All shoto have beewn sqaled
to o 25,4=umm cylinder diamcter or a 203,2-
mm sphore diameter by simple divieion.

The larper sphiere and cylindar tests
teportad hare ave among the firat performed

at LLL, Boecausae metal motion in thaae




Shorting pins

PBX 9404

25.4 mm thick

Planemwavs lans

o SE=1 detonator

Cylindent OFHC copper, ASTM«(~187,
density = 8,93 g/cm

Pig. 2. Cylindar-test hardwares,

larga shoss takes place over a rulatively
long poxriod of time, one of the mora impore
tant new requiroments for thesa shots wne

a4 light sourco of longer duration than could

ba obtasnod rrom an argon asandla. A apecial
flash tube, with a light pulao sevaral
milligoconds in duration, wes choaon: Thie
change reoqulred & gebiea of dry-run photo=-
graphs to datormine lenasatop and filter
limitationa., Tho light intensity fvom the
flash tubo was mugh lowar than from an
argon aandle. lor this veamson, film
amulaiono of lower denaity were tolaratsd
in ordor to maximimd tho sharpnagse of the

imaga,

Table 2. Detonation veloctty and denaity
of oxplosivos as tosted in oylindayx
and sphara experimente.

Detonation
valooicy Denaity
Matorial Tost {mm/us) (s/cmd)
ANFQ 101 . Gemm 3,890 0.782
avlindaer
203, 2w 4,70 0.783
aphere
4006, A=mm 5.3° 0.782
sphave
Unigal 50, 8=mm 5,471 1,294
dynamite  cylinder
101, 6=mm 5,761 1.262
cylindor
Aquanal 10  8-ruw - 1,43
cylinder
101, 6=mm 3,751 1,43
cylindor
Pourvex 50, Qe . 1,364
cylinder
101, G~y 6,328 1,364
cylinder

Bpotimatos obtained from atroukinp~camera
records.
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59, B=am x 50, B-cm
120=In, x 200, )
turning mlrror/

Opticol flat

turning mirrots T

Bunkar table

Glays port

0,0254mm sl

ad
Dynomla
expansion
Framing Streoking _Sat
qomaero comeros ‘5' up
pleture

quo% streuk ing
comero racord
of sylinder shot

Fig. 3. Typical tast configuration.

Equation of State

To make pradictive coleculutions vegard- aenotgy of thano goous may Lo oxprossed as

ing the porvformance of an explosive, ic ia a function of their pressuts and volume,
necassory to have a auitabla oquation of The axporimantal and caleulational methods
scata for the pascous products of datona- usad to davelop an equation of state for a
tion. When the equation of ntate of tho high explosive ave throughly dascribed In
datonation-product gasaa is known, the Raf{. 5,

-7-
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Table 3. fadiue - vall-velocity histertes of eviinder and aphare tants.

Al e (Balia). .

Mgll valog
ANFO Wiagl dvnamico Aquanal ___Poutvex

R;:g 10].6=mm  20),2csm 40U, 4mis 50 . 0-mr 10}, 6-mem 0.8=en 10),0-Pm  30.6-mm 101, 6-wn

(= avitndar spharg? aphato eylindor  cvlinder cviinder® cylinder cylinder  cydindes
[ 0.704 t.an 1.222 0.95%} 1.01) 0.74% 0.996 0.98)
? 0.223 1.262 1.209 0,982 1.0 0.2 1.014 1,000
] 0.5 1,302 1.300 1.000 1.034 0,793 1.028 1.01%
9 0.764 1,341 1,341 1.010 1.028 0.8 1.0A) ). 028
10 0.700 1.3 1,148 1.010 1.092 0.6 1,054 1,042
11 0.296 1.409 1.9 1.044 V. 106 0,894 1.006% 1,058
12 0.810 1,424 1.414 1.057 1.119 0.809 1.0 1,009
1 0.h2d 1.43) 1.4 1.070 L. 119 0.88} 1.083 1.0n0
14 3,831 1,440 1.43) 1.080 1.1 0. 4%0 1.09) 1.089
15 0.319 1.477 1.472 1,090 1.142 0.807 1,098 1,003
16 0.0843 1.486 1.490 1.099 1.1 0.°%04 1.104 1,099
1 0.832 1.498 1.309 1.108 1.1%9 0.912 1.:0R 1.102
18 0.8060 1.3312 1.322 1.11? 1.104 [} 1 TR} 1,104
19 0.866 1,529 1.343 1.1 1.1 0.929 1.1 1.10¢
20 0.371 1,543 1.362 1,124 1.126 Q.23 1,118 1.08)
F}H 1.587 1,398 1.124 1.18?2 0.9%4 1.1 1.1
24 1.61) 1.623 1.1% 0 .96 1.1 1,024
1% 1.624 1.64R8 1.20) 0,.98? 1.142 1,13
a8 .00} 1.3109 1.148 1,138
b] 1.602 1.1 1.130 1.144
n .12 1.2 1.131
M 1.1
b 1.13)

850, 8-mm and 101,6-wm eylindar tests havo boon mcalod to 23,4-um cylindor tostay ACS.4-pa sphoro toata

have beoh scalad to 203,.3-p8n sphove tests.
ba jouw lovel of roaction was obaorved {0 this tast.

T¢ muat bo notad that most onuationa
of stato apply to ideal datonationz. 4An
montionad helore, a composita nonideal
oxplosive detonates in such a way as to
convert only a fraction of the raactants
in the reaction sono to products in a small
timo acelo. Tho romaining matorial toacts
more olowly (ovor many microseconds), with
ronction pothways cowplicated by kinotics,
tranaport phonomena, econfivemant, and
aaomatry. The Jdetonation i not truly
steauy. Different detonacion velocitiosn
may bo detectsd at various points along
the dotonation pathway., The nonideal
detonacion of composita exploaives still
qualifion as a8 detonation bLocauso it ie
shock=1initiatod ond the explosive reaction

propagatés the ahocek,

Hall sotion vas vory ulow.

A modal which more correctly dogeribos
tho detonation povformanca ~{ a cowpoaita
oxplosive is a timo=-dapondont ona cofie
bintnp the fast initial reaction and che
alow nonideal ronccion.6 This nmay be
atatad ng

p {1« F)} £ (VE) + F(e) [,(V,E)

where P = prasauta,

V = voluma of producta/volume of
uhdatonatod axplosive,
P = enorgy containod in composi.

tion at hand,

fl » aquation of astate for fast
intcinl roaction,




Table 4, Radius - time histories of aylinder and sphere tests.?

. Time (1)
ANFO Unigel dynamite Aquanal Pourvex

R-Rg  1Cl.6-mm  203.2-men  406.4=mm 50 . B-mm 101.6=mm  50.8-wmn 101.6-mm  50.8-mm 101.6-um

(mm)  cylinder sphere sphere cylinder c¢ylinder cylinder cylinder c¢ylinder eylinder
[ 11.180 6.136 6.129 8.127 7.633 11.292 7.364 7.584
7 12,580 6.942 6.931 9.158 8.608 12.611 8.358 8.592
8 13.940 7.722 1.707 10.166 9,561 13,889 9,338 9,585
9 15.265 8.479 8.462 11.158 10,498 15.129 10. 304 10,564
10 16.560 9,214 9.200 12.136 11.421 1¢.338 11.258 11.530
n 17.829 9.932 9.924 13.100 12,331 17.520 12,202 12.483
12 19.075 10.635 10.637 14,052 13.230 18.679 13.156 13.424
13 20.301 11,327 11.339 14,992 14.119 19.822 14,061 14.355
14 21,510 12,012 12,032 15,922 15.001 20,951 14.979 15.21
5 22,708 12.692 12.715 16.844 15,440 22.070 15.891 16.193
16 23,895 13.367 13.390 17.758 16.747 23.181 16.798 17.105
17 25,074 14.037 14.057 18.664 17.612 24,282 17.702 18.013
18 26.242 14,702 14.716 19.563 18.473 25.3%¢ 18.604 18.919
19 27.400 15.360 15.267 20.456 19.330 26,455 19.503 19.824
20 28.552 16,010 16.010 21.345 20.182 27.526 20,401 20.726
22 17.285 17.435 23.127 21.875 29.639 22.187 22,527
24 18,534 18.521 23,553 31,726 23.961 24.313
26 19.769 19,744 25,220 33,800 25,722 26.086
28 20.949 \ 26.879 27.467 27.843
30 22,139 28.525 29,206 29.601
32 23,314 39.156 30.945
34 24,475
36 25.623

350, 8-mm and 101.6-mm cylinder tests have been scaled to 25.4-mm cylinder tests; 406.4-mm sphere tests
have been scaled to 203.2-mn sphere tests.

bA low level of reaction was obsevved in this test. Wall motion was very slam.
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f, = equation ¢. state for com- \ In the past, & number of equations of

2 \
pletely reacted explosive, state were proposed to describe ideal

T

AR,

7-8
F(t) = a time—-dependent Function high-explosive behavior, but attempts

expressine the fraction of to use them to calculate precise hydro-

dynamic experiments proved ungatisfac-

completion of the slow 10.11
’ This led to the development of

reaction. tory.
We refer to this as a two-component, time- the empirical equation referred to as the

10
dependent model for composite high J-W-L equation of state. It describes
1 the pressure-volume-energy relationships
explosives.
of the products of detonation. The form

ﬁ If composite explosives are carefully
7 g chosen so that thelr behavior closely of the equation is
- §F approximates "ideal' detonation, then the

? performance of such explosives may be

% described by an equation of state like p = A(% - T{."‘_’.‘;)e‘l(lv
- 3 those in Ref. 5 developed for "ideal" 1
i materials (i.e., a one-component wodel),

and use of the two-part equation may be + B(l - E:T)e-kzv + _“% , )

avoided.

i
O
]




where A, B, Rl, Rz, and W are conetants,
and V ig the relative volume v/vo. the
ratio ¢f the volume of gaseous detonstion
products to the volume of unruacted explo-
sive, As can be seen by inspection, at
larpge V (such as 10) and low p, the first
two terms diminish in importamce and the
At high p, near the
Chapman-Jouguet (C-J) pressure for the

last term dominates,

explosive, the first term dominates, and
at intermediate values of p and V the
middle term dominates because of the
relative values of Ry and R, (4:1).

The equation for an adiabat (isentrope)
is given by

~R1V RaV %
T )

Pg * Ae + Be~

where C 18 a constant.

It is assumed that a strong shock wave
passes through the material, heating and
compressing it, causing complate reaction
in the region directly behind the shock

wave, The Hugoniot equation

(E-Ep)) - U2 (pt+py (vg-v) =0 (3)

(the subscript zero refers to the unde-
tonated explosive) defines the Hugoniot
locus and defines the thermodynamic state
The C-J condi-~
tion defines the detonation (i.e., a point

of the detenation products.

on the Hugoniot):

QB - "'(p - po)
v S -V

. (4)
Yo

This 1s usually assumed to be evaluated at
equilibrium composition of the product
gases.

From the C-J condition, the slc e of
the line tangent to the C-J adiabat at the

C-J point 1s pODZ. This 1s the sawe as

~10-~

saying that the derivative (slope) of the
adiabat 1s OODZ‘

3 2 . 2
5% = 0gD" (-v%) (5)

o -1V _ -RV_Cw+ 1)}, o2
[ AR, e BR,e ———-——-sz (-v9).

Equations (1), (3), and (5) allow us to
determine the coefficieuts A, B, and C for
a glven choice of Rl' R2' and W using
experimental data D, E, V.

All of these necessary experimental
data are not always available. TFor
example, accurate calorimetric data are
often difficult to obtain because the
calorimetry must be done on a small scale
and may not reflect the true reactions and
energy output of a larger sample of
explosive. Thus the energy is calculated
by using the heats of formation of the
components.

Another type of experimental data
often unavailable 1is the C-J pressure.

The C-J pressure must therefore be esti-

meted, This 1s dome by using the equation
DODZ
Py "T+1° 6)

vhere the density (po) of the undetonated
explosive is measured, the detonation
velocity D is measured, and I' at the C-J
point is assumed to fall in the range
2.7 to 2.9.
to hold true for most CHNO-type explosives.

This approximation is found

A few comments on the value of I' may
be helpful.
gases, ' = «[(3 1n p)/(3 In V)]S, and this

value of T 15 by no means constant through-

In an adiabatic expansion of

out the expansion of the guseous products

of detonation. Initially the value is

D3 o MM Ao S L b e

gty

deie s

idiss




large: t,e., there is a large increase in
pressure for a slight increase in volurme.
When the gases are at high pressure, as in
the initial stages of expansion, the
repulsive forces between molecules.
[(l/rlz) - (1/r6), according to Lennard=
Jones] are especially important.
forces diminish rapidly and the inter-

These

molecular potential changes curvature with
increase in volume. The value of T shows
a net duacrease bLetween the initial volume
and some later large volume.

However, for an adiabatic expansion
which has been matched to experiwent, the
The

f. .9t maximum seems to occur at a volume

1
plot of T versus V has two maxima. 0

correspor- wug to that of the high-density
product gases if they were an actual solid
crystal lattice. The second maximum has
pot yet deen satisfactorily explained,
Since at large ev ~ons the gases
behave more nearly & .

~[(d In p}/(3 2a ¥

Ly, the quantity
- .ould approact a

Thus [ = 1w w, NowT = -~ [(3 Inp)/
(9 In V)] 3* and this value approaches
Cp/Cv as the behavior of the gas approaches

ideal gas behavior (say at V> 10),*

To use the J-U-L ejuation, an initial
guess 18 made for the nonlinear coefficients
Rl’ Rz. and w. Experience has shown that
for explosives containing clements ¢, H,
N, and 0, R, = 4 mdkz =1 and W has a
value between 0.2 and O.4. For the explo~
sives deacribed here, pr:j was calculated
from Ey, (6). The streaking-camera records
enabled the determination of relative
energy delivered to a metal cylinder or
hemisphere wall by the expanding products
of detonation. This energy was proportional,
at each given voiume expancion of gaseous

products, to EO - E, where F‘O was the

LA S
R4

-L egunt

limiting value vp

in the o 1 of state, at

large volur ~ " g and consequently

low § -~ st term, WE/V, dominates

the behevior

L8
~aus functions as a

The
polytropic gas equation of state is gilven
by

Catand

polytropic gas equation of state.

E
p=(r-03, &)
vhere again E is energy per unit volume and
V is relative volume (v/vo). The poly-
tropic gas equation applies in the case of

an ideal gas (or a real gar . low pres-

sures). This means thet
N -_n 9.5 ~
p=( ~-1) VoV ¢ o)

-11~

*For a monatomic gss with only translational

degrees of freedom, Cy = (3/2)R. If Cy
exceeds this value, then the gas contains
some form of energy in addition to trans-
lational. The equation for Cy in terms
of R is

Cv = (3N/2)R ,

where 3N = number of degrees of freedom

possible in the gaseous species, and N =
numbar of atoms in the molecular species.
Using the equation

“p _ (N/DR+R
€ (N/2R

»

one cint see that, the more atoms per
molecule, th2 closer Cp/Cy approaches 1.0
(the monatomic value is 1.60). Thus in a
mixture of gaseous products of detonation
wheve the gases are triatomic and diatomic
at least, a I' value at large expansions of
1.2 to 1.4 is reasonable. Since ' becomes
©w+ 1 at large expansion, the value of w
12 necessarily from 0.2 to 0.4,




total available energy of the undetonated

explosive, Eo - E was evaluatad from

Bk = Ae-nlv
0 Rl
T A (9
+ R + '"-a - Eo .
2 wy

Hydrodynamic calculations of the metalewall
kinetic energy were made at each of many

V and EO ~« E pairs, The coefficients Rl’
Rz. and w were systematically adjusted
watil the metal-wall velocity at each V

and Eo - E was in agreement with experiment.
Typically this was done with one or two

itevations.

Results

J-W-L equation of state coefficients
are listed in Table 5.

estimated, and the energy (EO) values were

C-J pressures were

calculated by using the composition as given
by the manufacturers, assuming equillibrium
among the detonation products. The detona-
tion velocities were measured as described.
Figure 4 shows the energles of the
expanding gases relative to the energy of
nitromethane, This relative energy is
obtained by comparing the squares of the
metal-wall velocities at given expansions,
The performance of Aquanal did not
conform to the manufacturer's claims of
high detonation velocity and stable detona-~
tion propagating dowm to 38.1-mm
diameter unconfined.3 In fact, the Aquanal
tested did not sustain detonation at all
in & 50.8-mm (2-in.) copper cylinder. For
this reason, the cylinder data on Aquanal

are from the 101.6-mm (4-in.) cylinder

*The equation for E is simply the integral
of the equation for Pgt

E o~ j pdv = j [Ae'RlV A —g—q] av
v

Ae—Rlv Be-RzV c
gttt %
1 2 wv

-12-

only. Its nonstandard performance in these
tests is attributed to the fact that the
preferred waxes essential to the emulsified
nature of the material were no longer
available and more oxrdinary waxes had been
used in manufncture.a

On the other hand, Pourvex Extra
behaved as a homogeneous HE in our experi-
The 50.8-wm and 101.6-mm cylinder-
test results wvere, when scaled, withirn
In this
case, the use of the one-part (ideal)

meuts.

experimental error of each other,

equation of state was clearly justified.
The scaled cylinder~test results for

Unigel dynamite did show the effect of

charge diameter on detoneation velocity and

on energy delivered to accelerate the

The 101.6-mm cylinder had a

slightly higher detonation velocity and

metal wall.

higher energy, even though the loading
densities were identical.

The ANFO, as expected, was much lower
in energy and detonation velocity than
the other explosives. 1Its behavior was
much less than idesal, and, as can be seen
from the scaled gphere~test results, the
detonation velocity was greater in the

larger charge diameter.
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Fig. 4. Cylinder-test energy results relative to nitromethane, scaled to 25.4 mm (L in,).

Both the Unigel dynamite and the
ANFO, thexefore, displayed the nonideal
behavior of a composite explosive. Com-
parison of the scaled data shows that the
error introduced by using only a one-part
(1deal) equation of state is amall in the
case of Unipel. In fact, the error in
delivered energy for Unigzl, comparing the
scaled experiments, 1s leas than S5Z.

In the case of ANFO, comparison of
the scaled apheres showed a difference in
delivered energy of only 1.52. This was
later shown to be migleading, but it was
on this basis that a preliminary estimate
of the equation of state was made. Two-
dimensional hydrodynamic calculations
(MEMP code) for the 101,6-mm cylinder have
now confirmed our earlier suspicions that,
in fact, the heavily confined 101,6-mm

=13~

copper-cylinder test produces significantly
more (35%) delivered energy than the ratheyx
1lightly confined aphere.

Since the sphere tests were not large

enough to measure the ultimate performance,
end since only one cylinder size was tested,
it would be premature to estimace a two=-
phase equation of state for ANFO. VWe are
conducting a series of large-scale
measurements on ANFO from which we hope to
obtain the necessary data for a precise
two-phase equation of state.

For estimates of ANFO performance in
heavy confinement, as in the 101.6~mm

A b AT

copper cylinder or in a blasting hole, we
have provided here a one-part equation of
state which yields the measured energy
delivery.
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Aquanal Pourvex Extra Unigel ANFO
3 0y (8/cu) 1.43 1.3 1.262 0.782 ?
g p (Mb) 0,055 0.130 0,120 0,055
D (am/us) 3.7 6.1 5,76 5.0 ;
Ey (b.n/w) 0.055 0.045 0.051 0.0208 :
r 2,559 2,893 2,49 2,554
A 0.9123 3.2207 1.907 0.7519
x B 0,00407 0.07769 0.0758 ~0,008175
E R, hod 47 bk B i
= 1.0 1.4 1.4 1.25 1
" 0.16 0.16 0.23 0.44
c 0.007456 0.003241 0.00627 0,0117

Table 5. C-J parameters and J-W~L coefficlents.

%pased on energies of formation of the calculated (TIGER) C-J detonation products. Since
the products axe principally M0, €03, and Ng, the value for Eg is a reliable estimate
of the total available energy.

" [
AN
st ity

Conclusion

e A

Detonation tests were made on four used here was a one-part, time-independent

om o 1y e

types of composite explosives or blasting one. In all cases, except for ANFO, the
2 . agents: Gulf NCN-100 (ANFO), Hercules Unigel use of such a one-part equation, which 3
: (dynamite), Atlas Aquanal (aluminized slurry neglected the slower reaction of a fraction

o s

blasting agent), and DuPont Pourvex Extra of the reactants in the explosive, was .}
- (nonaluminized slurry blasting agent). justified on the basis that the error 4
3 Detonation velocities and cylinder or hemi- introduced was not sufficient to warraunt "—
q sphere metal-wall expansion rates were the difficulties encountered in using the g

measured, detonation pressures were estimated complete equation., The behavior of ANFO,

4 ve i 1

; (on the basis of cylinder-test data), ond however, was sufficiently nontdeal to

energles were calculated from the composi- warrant development of a two-part equation
of state in the future. A one-part equa-
tion, sufficient to describe ANFO behavior

under heavy confinement, was provided for

g tions published by the manufacturers.

g | These C-J detonation parameters were
usad to determine the adjustable coeffi-
cients in the J-W-1. equation of state. use in the remainder of the Army Corps of

\ The form of the J-W-L equation of state Engineers' program.




Acknowledgments

The assistance of John Walton and Henry Cheung in calculational procedures is
gratefully acknowledged.

References

: 1. M. W. McKay, S. L. Haucock, and D. Randall, Development of a low-Density Ammonium
Nitrate/Fuel Oil Bxplosive and Modeling of 1ts Detonation Proparties, Physics
! International Cu., DNA 3351 T (Octobar 1975y,

;- ‘ 2. L. D. Sadwin and J. F. Dittman, Airblast Characteristice of AN/FO Phage I, U.S.
= Naval Ordnance Laboratory, NOLTR 69=82 (1969).

3 3, W. G. Bluhm and N. M. Junk, du Pioc. Symposium on Milicary Applications of Commsrcial
3 Explosives, 98 (1972).

;1 : 4, N. Junk, ICI America Ine., private commumication.

“““ [:3)
/sy

it At odt 4
o
=
>
<
<
<
=
-
b
[
(¢
leed
2]
-
4
-
O
o
(o]
(o]
o
[
18
=
]
5
]
=4
n
S
<
[
1]
;;
o
| nd
A
=
=
e
=%
o
=
<
-
[
2
=
7
=
m
Cr
o
-
?i

€
[
<
()
"
-
ol
hrd
(43

p. 61,

6. M, Finper, E. Lee, ¥, Helm, H. Cheung, and D, Mller, Participation of LLL in
JSEXP ; Performance of Non-Ideal HE, Lawrence Livermore Laboratory, Rept. UCID=16439

(Docamber 1973),

I VT

7. H. Jones and A. R. Miller, Proc. Roy. Soc. London) A-194, 480 (1948).

TR AR A g e AR

8. J. A. Beattie and W, Stockmayer, "The Thermodynamics and Sctatistical Mechanics of
3 Real Gases," in A Treatise on Physical Chewmistry, H, §. Taylor and §. Glasstone,
Eds. (D. Van Nostrand Co., Inc., New York, 1951), p. 1B7.

e

eI

T

b 9. R D. Cowan and W, D, Fickett, J. Chem. Phys. 24, 932 (1956).
10. E. L. Lee, M. C. Hornig, and J. W. Kury, Adiabatic Expansion of Nigh Explosive

Detonation Products, lawrence Livermore Laboratory, Rept. UCRL=50422 (1968),

g 11, J, W. Kury, H. C. Hornig, E. L. Lee, J. L. McDonnell, D. L. Ornellas, M, Finger,

F. M. Strange, and M. C. Wilkins, Metal Acceleration by Chemical Expiosives,
Lavrence Livermore Laboratory, Rept. UCRL-12425 (1965).

so s T

-15~

.
Ty



Appendix: Available Commercial Explosives and Manufacturers’ Data

Tablo AL, Dynamdtdd o & o v v v 0 0 0 b b e e e e e e e e e
Table A2, ANFO & v v v v v o 0 v o bt v m v n e e ey e s e
Table AJ, Mebtallized ANFO . & v & v v 4 v v 0 s v o v n e b et s e e e s e e
Table A4, Siurry blasting agents and slurry exploaives . « v + « v 4 4 v v 4 ¢ s
Tabla AS., Dry Blantlog SBODES « v « ¢+ ¢ 4 4 v s e s e b b h e e e s v e e e
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3 HaM, sandgal
i\ Ci NG, NC, AN, bH 0.68 1010 35 Dets *
R NaR somigel
T ™ KG, A, Nar ] 0,43 090 n ees -
iy Bl WG, A, R 1 0.3 %90 n vece
B Fa NG, AN, NN 1) 0.27 1n» 16 Pets -

el s e i et st
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Table Al (continued)

Lelfd=tn, dlaw

unconfined
. Vadght Wk detocnaticn Petonsticn Jubhie furs
- . strangth stranpth mu“ velooity Tot predsuTe -Mg,x Friation \ater elaae ot
! roduct nami and tontanta (1) m (alen: twn) tead/n) (sb) teadfpl  depott  Resfutance®  fumad
%
toartaal
S0 NG, AR, RaCl 0,0 1300 856 13 Dets Paor A
W 0.18 1810 [} o A
3% N, A, Q) 0.8 19%0 131 ? Dete w A
ST NG, AN, NaC) 0.88 1n» 131 1) Data PMoor A
3N ¥O, AN, NaCl 0.98 3 31 [T1Y I Bata Poar A
) 3Ub N0, AN, Watl 1.08 630 na ) [TOR TYY
i 31 NG, AR, Ne€l 1,20 2N 111 3 Doty Qood A
b1 10 0.1 1100 18 Poay A
R 1.00 1230 | 1) oy A
i LR 1.0 1610 1) foor A
d 3t WG, AN, WaCl 0.7 1840 (LYY Deta
Gelcoalite Bt MO, MaR, 1.41 3600 9 2% Devs Excallant A
AR, NH"‘J\ Al
- Pevrleny 2! L0 1040 3 T T A
. Annodyter NO, AN, HaR
' ) 118 ar 1.0 130 e 119 W nety
. 1 T n.s 1.0 2100 06 a Tets
i b &4,3 b1} 0.9%4 20 0% b1 ] Tete
4 .55 e v hLY nate
Calodynm -m&n
? 1] ml N
3 4.8 83 1.9 010 ") 3 434 Datn
h] 8.8 6.8 nn 3640 k21) (1} Vety
Fovar Primare gel, L% 3800 108} 133 Ad¢ Datay
booatsr, MG, NC,
N, ano)
1 (") - o &
Ditehing Dynaaites NG 30 48 AT LY NN
Spectal Dynasdtar 0 1? ~1.) 2400 Good Goond
no, AN
, " » % A1) %0 ool Good
! . 10 B A1) N Cood Capd
" 50 3 ned Fair Geod
" &0 12 3300 Falr Good
Supet Dynamtter BG, AN ¢3 43 ~1.2 2390 Yatr Cood
" 43 40 aa 2700 Fatr Good
" 63 3 ~3.0 2330 Faty [CYYY]
" [3 » .92 Ja09 Fair it
" 63 % 0. 50 2230 Tatr saad
" 83 1 0.8 2100 Tatr (oYX
Super Patmiseibles 37 20 A%
y A
“ 6} 2% 22%0
" 50 » n»
" [2 &) 1850
" >0 13 2040
I . 3 10 3080
i
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‘Pabla Al {continuad)

t-idsin, disw

wtenlinad
waight ik dstonaticen X Getenatien Sukble e
SArAngth  srtangth  Dunally veloaity et praaante omr’: frievion Vatet slanp ot
Troduct natd and tontenta [})) [t 3] {glent) taJs) talsa) {hk) {ealfg)  troatt  reristenee®  fuppad
Calattn Peratssiblest &1 1] ML 1360 !
WO, AR i
- [}] " N i
. Spoelal Celuting b1 10 [118) Tevollont  Fugellemy 3
7 W AR
£ » 3 L) A si00 Extellint  FReallami
=i e galy
£ sdnlgalatin M2
- 1 (1] ¢ b1, 1) Caod oed
. 1 3 [} ) 1200 Oaond aend P
- i 3 [} ® N30 @vod froven L
o [} (33 B 3100 Cosd Ocod f
i 3 4 30 RN oo teod :
§
Edsauiony :
. . Lov-valocity 0.5 a3 10 H
: dynaniter 10,38 Rhy,
: HIRT WA g
[ ¢ B
] i - . - =
; 7

Bahtaviations {oF {uees &te VP v very poor, VO« sy good.  Pxplosives uith @ very pour rating Ale not tNesEbendid for undergrcund
ute . Perstesnihias sve 2tubn fume olasnas A, b, ate., attovdind Lo Buraay of Nines data, Suzbier tavings (or lusen avw 1.0LE, duea

slaassa, J1E1T ) rapraainting the dest fune ehammetarinties, .0 SIIL & rEPTCHINTINA TOR VOTSY umy chpraceerivviva,

g s

l‘\h longet offatad {0oF 43ds but iisxad here (or corpariaen.

Sbetonation peprsure caleulated froy company 9a. . ustng p v £.00907 m‘li. sheld D e dorantivn veloctie tn nfs and ¢ ¢ oclpinal densiae
of the ¢xploaive. R, A. Cook, The fastance of piah Keplpndyxy (Reinhold Publiahing €5, Rev Yorl, **shp, p. 3.

Yt-veloc. Colstin's spaelal {sature fa veetstaneo 70 Jasonateisation dus sv preseure and aging.
*1ha HieCaps {eature 20000KY.

'unur cealutance of spaetal) godatinn 13 Jewn "han tat of plale gelatina.

‘Iaunﬂ PMNYT §8 for satsmic usel saguennial shootlan ead metehdd vedovity of esrth.

"hr controlled blasting, prestplizeing.

’rmd-n\lu ate for use It duaty, gaeecus <oal mtara,  Thay have ahorl, codler, ymalier flames.
’uuu sullix X wmans 373 the velume of {ulie o2 AOD X

a0 PAANS VATET Temintant.
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Tablae A2. ANFO,

Lare

dias
Faiwsatteslly {94 )
Pauiid teadad tatttete detenation Hegenpiten [F3%1) LTIV 111Y
lm}” «utl.“ iml! Fattinle  Peal wlmly  prginne (133 nuv? Surfane  fren ateeapih aVOEARIS
it LA {1t O (hrew i ol (LYY (1Y) fealdy)  tealdg) veating  of AR 147} {1}
L] A =
reille [ 8 H) 3.0 L 23] Blidsd L3 tinih 0
e .43 [ 133 [}
FAL S (X ) (A1} 10 Mad 4100 w Al
ik [2]
A0 [ X ) 1.0} Slaned [} ) “w »
Dhigh danster) n
it N LN ) 18 Mavel, ) (1 8] m it
L1 (11}
Tevlty 2.1t gl'uul Alee
| DALY
Reten retlds [N 0.93 (X 2 YTV na Pr.ide (1]
ik ]
Dyaatey ¥ 108 ?Iun 113 0] (1] m tralny 4 40
?
nares Ilcnlu
Agaat B} °.1 M0 w 11} a8
Hircouls o (X 1} & M) ms »n m LI [}
M 4
Hrventa § 0.8 0.9 =R Gl b1 R m riids [}
L) leny
ir.
L1}
Adlag
L3 LY K- E=10 Maga) ma (U] (XY ays L1331 [3Y 1]
0.9} "ih ¢t}
Pilline 4.4k (12 1] Biesel 1t Y L 119 44 reills [} n
AR hté L 11 ]
Podlbte A o
ARTY Pase R H [3H] Spisial F125] 113 ne (33 1£1131% 31 b3
wih  ol}
Telllne €2 un vartavla Slasal »N n A 1Y (33 Craihed (1) »
LR 29 Truhd ” rethle
hele
rrille
Feolltte o 1.0 - - Nie n H e Ceurhed 43 L)
FULOR ITEY ttilh
trllice WD .33 - - - e \2 1131 Crymd A& ]
AT » [ 113113
elhing apint
BiliT N LT
Thatd .4 - " n [ FRTIRTI $Y n
ratne .
e
FI4131Y
n-i WY . A ™ - o a
aoyd asedot 0.0 - 100 s - w“ m
bulbtag spem
nan o.n - nw " TN 9 n
%-tor oot 3.1 Spectal Y0 w LT TR S te
Aos
elate
pii
Hel¥ Peidde .9 9.4y
0.483
Taelin
"M-100 v.1) b n "o (33 Tetdls
ro1- 10t 0.9 Macial M n no m Pritte
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Table A2 (continued)

R

B
: Large
- disn
Fneuzatically {5-6 in,)
Poured loaded Particle detonation Detonation Bubble Weight Bulk
T denslty dmnsy denadgy Particle  Fuel velocity pressute Tot energy  Surface  Form stxength  strength
Product nkme (g/ca?) {o/fem”) (n/cn”) size oil (n/2} (kb) (cal/g) (tal/p) coaring of AN x) [¢3]
Gulf (continuad)
s 3 RCN-500 0.95 9% 36(30) 660 42y
; (0.80)
B HCN=501 1.¢7 3900 40
- XCH-505 1.07 3780 18
: ! NCH-509 1.07 3720 kL
= NCN-510 1.1% 3570 b1 859 648
RCN-515 1.1 3500 35 82 656
. Toe Pack 1.1% 3450 n
NCR SiD + 0.75 4000 28(20) 650 400
8 bulking agent 0.50)
X Yonsanto
- $%-30 Frilst 0.72 6-20 161 Prills
wesh Koalin
£-2 reas” 0,96 1,50 6-20 Kone  Prills
mesh
NePel ANFO 0,80 Dlesel 200 21 400 nx-
123 prills
! b HePou: 100 0.90 Diesel 3000 % ¥-2
) £2 {arushad)
3 prill
- 3 10040
[ a-vak 100 0.90 Dlesel 3900 E-2 prille
2
¥-Pak 500 1.00 Diesel 3600 E=2 prills
[
H-FPek 600 1.09 Tlesel 250 -2 prille
g Teres Chen. 2
Frills 6-16 1 Prills
o sh clay

®rrille sade by Phillips, dats given for prills with 6 fuel ofl added.

b}ht for undergrcuid ox pneunatic loading.

®for underground use.

dNnt popular £n Uestern U.S. Available in cartridge pack for use in wet environmants.
‘DnLr.\lnen CVO weens specinl nonvolstile ofl.

'Goad for undarground ule,

SuE11 cyellze at approximstely 32°C, not phase s abilized,

h“tll act absord fual oil without crushiug; is phsse stabilized.

Bl

P

Ppppsad

™
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Table A3. Metallized ANFO. 3
%‘é
4
=
i)
&
large e
diem 3
Trawmstically Fatel (36 1n,) 3
Poured patked datonation Detonation Bubble Veight Bulk
. doa:'ljr m::sy Particle Content Fuel  velotity  preseyre tot  amergy  Sucfacs  Form  strangth strenxth 3
Product namu (glewd) {glend) sine @ Type ol (Wa) (kb) (eallg) (cal/g) conting of M (%) [43) 3
. . . =
Atles H
Pellite COAL:  0.92 ¢ M Dlewl 3000 27 e 306 Crushed S
$0 ax, 4t Yo %
Pellite NDAL: 1,20 . Al Diesal 2420 i 1% s )
6% A1, $0X AN 2
AX Y0, 6T AL K
E
: Yrojan-U.5. Powder ¥
i . Alvaitol 80 1.20 Al 4300 b 6 H
N Aluattol $0 113 A 4200 65 &5 z
' Aluaitol 30 1.15% Al 3500 €0 50
} Dow d
Tawprel ) 0,95 s Al
alloy ;
. Temptel & 0,93 10 v
] Tampral 9 0.95 13 "
: Tewprel 12 0.93 10 "
Tetprel 1S 0.9% 3] "
i Monsanto -
MePowr 0.90 Al Diwsel 4200 39 E-2 prilla,
| 400 (A1) ” 1001
H crushed
. H-Pour 300 1.00 Yo, Diesel 3500 32 ¥F=2 prilla
: (¥e, !0‘) M‘ [ /] 100X
‘ erushed
t MePowr &0 1.00 Al Dlasel 4150 42 Ee2 prille, ,
(AL + Fe + Pe, N2 100% =l
?0‘) l’oA crushed 4
Harcules
e 2214 0.8 Dissel IMX Crushed
[} prille
HP 2024 0.8 Diesal 3750 Cruahed
[} prills E
HP 216A 0.9 Dienel 4050 Cruatved E
2 prille
HP L10A 0.9 Diasel 300 Crushed
[F] pralls
1
] -
; -24~
P
- H

Ve WL Shes batfasd Soags J X S . _ A PO . - :g




Table A4. Slurry blasting agents and slurry explosives.

$ {n. diar
unconfine.  deto- Frietion
detenation  nation « Bubhle Lepact  rriction Welght  Cavtridge
Density velocity preasure “tot  energy Hater 30=cal Pendulun Shipping etvengeh strength
Product neme ad contenta (gfewd) (n/s) (kb)  (cal/g) (calfg; Metal Remistance bullet Teat clase 1)
Lreco
iraged
s 368 1.20 3n10® Excellent
sHS 346 1.22 3900° Fxcellent
SHS 376 1.23 1990° Excellent
$MS 406 1.2? w095? Frcellent
M5 446 1.29 4230° Al Excellent
s 476 132 aacb ’ ALUTY)  Excellent
SMS 616: AN, FO, Al
SMS 646
S5 676
335: AN, K0, 1.20 3870 M Excellent
carbonacebus ful
fuels, guar
85: O 123 3930° M Excellent
sy v 125 990" A Excellent
W0ss ¢ 128 4095° a Excellent
455: v L»N s2¢0” AL(16X)  Excellent
72&-::1“::!\10:-:-- 5400 102 Excallent Fatl
sensitise
leanite 40 1.0 .\300‘l AL Excellont A 40
Iremico 60 1o gt M Excellent A 60
Iremite 80 1.4 %00° A Excelient A 0
Iremex-F 1.52 $E50 Excellent
smkeless poudar
tretol TRAS22*
Gulf
Slurran: Al, AN, NMN
<400 1.1% 4220 533 50 Al oxid.
-605 1.18 4130 572 FEk] Al oxid.
~609 1.18 3940 82 560 Al Oxtd.
-610 1.30 4100 535 30 Al oxid.
-615 1.30 4000 €00 283 AL oxid.
- Slurran: HE~
- aensitized NN
o =900 1.1% 4100 $14 338 HE
; -905 115 4040 6 220 e
=509 1.1% 3850 LR $52 HE
-910 1.30 4360 470 N WE
-915 1.3 4300 612 398 HE
£ T:o?::k-:é“ 1.3 710 B12 559 Al oxid.
AL, .
Atlss
. Aquaram: NN, AN 1.2 5450 90(95) 639 359 Fall rail ox4d.
Musnal: KCN,AN,A} 1.2 5430 90(95) 866 k1] Al Fail Fail oxid,
- aquatflo: NN, AN 1.3 5750 120 649 W6 ¥all Fotl oxtd. 45 50
: by Pont
i Tovex
' 100: N~ 1.10 4500° 98 500 Fall A
senpitized,
amall disa




Table A4 (continued)

S fn, dimm
weonfined Detoe Friction
detonation nation Rubble iwpact  Friation Qelpht  Cartridge
Denedty valocity pruesure tot aarTeyv Vater 30-¢al  Pendulum Shipping stvangth atrangth
Preduct nem and contents (g/ewd)  (w/e) (kb) (cal/g) (cal/t) tetal Resistance bullet Tut elans ) (X)
Lu Pont (continuad
Tovax (eontinued)
2101 WAN- 1.10 800° 108 500 iy A
asnsicineg,
omall dise
S00: MAN- 00
seneitised
5501 MRAN- 1010
eenditined
600;: HAR- 1%
sensitined
Tovex Extra, pusp/pks L.% 6100 103.6 872 Fadl ]
vater gel
Tovex Kxtra A=1, pump/ .37 6063 105.5 [ 11} Fatl »
phg water gel
Pouxvex Extra, 1.3 6004 9 68 Fail ||
sourable gl
Ricroven
100, WOH pump 1.05 613 50,7 609
vatar ge
200, NCW puap
VAtar gal: Al .07 4722 369 696 Al
300 W puwp
vater gal: Al L1 4921 62.0 MY Al
Tovan, pump/prg 1.5 5324 . &3 ¥ail s
vater gel
Toven Extia, puse/
pkg water gel
A~ 1.15 5348 2.8 874 Al Fail 1 ]
A-2 1.15 017 n.0 1056 Al fail B
A-) 115 5240 5.8 1279 Al Tafl B
ZL~799, sualledian gol 1,10 AIOO‘ h %) Fail A
EL-799A, small-diam 1.10 NOOf 906 Al Fail A
el
£2,-808, intermed.« 1.20 4suo8 8 Feid A
diam water gel
EL-BOSA, intarmad.~ 1.25 w8008 961 A Feil A
diam, Al, vater gel
ZL-8058, intevmad.- .27 s800% mn Al Fail A
diam, Al, water g»)
EL-80S5C, intermed,- 1.30 ssoof 81 Fail A
diam watar gel
EL-805D, intsrmed.- 1,38 48000 1482 A Fatl A
diawm, Al, veter geol
EL-7533, emall-dien 1.28 s250¢ 2 at A
pump vater gel
EL-816 psrniseibles,
1=in. disn
Irojsn-U.S. Powder
Trojeld
WS-7: NN 1.45 4000 50 Sk
HS-7 LV: NOW, 1.45 6000 50 S8
lov ilscosity
W3-10: XCW 140 4000 50 58

WS=11: Al, NCM




Table A4 (continued)

53 ins dlan
unconfined Date- Friction
dotonation natien E Bubble ispact Friction Weight  Cartridpe
bangity valocity pressire tot  ener Vater scal pendulun Shipping strength strength
Proavet name and contenita  {p/¢n?) {w/u) (kb) (cul/g) (cal/g) ‘atal Reslstance bullet teat clamp )
Harxcules
HP-222: NN, Al 110 4200 60 1035 $14 Al HE
€1.60) (4300)
HP=2111 NCN 10 4200 58 893 450 HE
(1.55) {4270)
NP=225: XCN 1.10 8200 HE
Flogel HD: AN 1.60 5120 )% 557 286 Fall
Flogel: Al 1.60 5000 69 100 350 Fall L]
(1.40)
Flogel: AN 1.40 5250 80 621 34 Fail B
tlogel Al-2: NOW, AN 1.40 S000 70 107 387 .1
Dou
. HS-80-%t NCN, Al .10 AL(S%)
! M5+80-10: NON, Al 1.10 AL(10X)
M5-80-151 HON, Al 1.10 A1(15X)
' MS-80- 20: NCH, Al 110 AL(20%)
I HS=80-25: New, Al 1.10 AL(25X)
i HS=80-30: NCN, Al 1,10 AL(30%)
' [ ®The letters SNS w.and fo - situ-sizod slurry,
i I Ygu1n, diapater, uncon’ined.

€3-1n. diameter, unconfined.

dl-ll!-in. diameter, unconfined.

Svery hiph eravpy; costly; for testing only.
fl-l/l--ln. dimmter, uucon{ined.

B2-1/4-in. disreter, unconfined.

Lz,

hER L
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Table AS. Dry blasting agente.
E ' S 1n, dlem
= untenfined . Friction
E ! datenation Detonation Bubbls Haight Bullt {mpact
E | Daned valocity preveure tot  enargy Shipping otranpth strangth  0-cal
E . Product nams and contents (g/ew (n/0) (kt) (cel/g) (c8l/R) Hetal elass [¢3) (x) bullat
E ' Du Pont
£ Aluvite 1: WON, AN, AL L.08 5383 n 1079 ould,
E Auvite 2; " 112 5627 86.8 1404 oxid.
3 Aluvite ): " 5525 76,3 1078 Oxid.
P Nterawon S 1.%- mo% a
E ; 1.40 3540 42
S Witvawon s-£14
Harcules
Pynatex B: DNT, AN,
coal, fuller's eaxth
Dynatex B=WR: " 1,07 3000 23 486 243 NCN Fail
fritex: AN, DNT 1.07 2400 14 [ [e] Fail
Tricex WR: AN, INT 1.0? 2800 20 NCN Pall
1¢ftox 2@ NaN, ferro- 1.16 300 22 578 286 NCN 55 40 Fail
allicon AN, DNT
Vibeenite B Seisnic: 115 3360 607
coal, DNT, AN
vidronite B Sedamic: 1,17 4140 750
coal, Al, AN, fuller's
earth, DNT; high
anexgy
Vibronite S Selemic: 1.17 3660 607
AN, coal, DNT,
fusl of)
Vibrontte Sl Sedemic: .17 4320 643
AN, Al, DNT, fusl oil
= Atlas
Prestex®: DNT, AN, 1.15
coal, Ca stearate
< Prestex A: same as 1,18
- above, NG-gansitized
: Glanite D: DNT, 105 zue0f 16
- AN, coal 1.10
| Gianite D=1: DNT, 0.90-
: AN, coal 1.02
Glanite wrS: DNT, 1.05-  z460f 16
AN, coal, guer, 1.10
Ca steyrate
40 WR: nitro sterch s40h %0 0 Fail
sovR: " 660" 50 50 Fatl
: 6MR: " 760" 60 40 Fait
: W0WR: " 39507 70 10 Fotl
, Stumping Nitro Starch 2850" 20 20 Fatl
f Trojanite A: 000" 68 50
nitro etarch
Teojanits B: 2850" 8 %
nitso etarch
N Trojantte C: 2700" 68 26
: nitro starch




Table A5 (continued)

5 in, diam
unconf ined Frietion
dotonation Detonation R Buhble Waight Bulk ivpact
Deneity  valocity prossure tot aner Shipping strvongth atrength  Meeal
Product nase and econtenta (p/ewd) (m/8) (L) (aal/s) (cal/g) Hetal class (X) (64] bullat
- Trojan=U.S. Powdaxr
H continued
: Trojel 15: 5100 Al 60
: ’ unltro atarch, Al
k- Trojel 25A: 3550 Al 63
£ nitro atarch, Al
P Tromax 85: 5850 52 90
: nitrc starch
- Tromax 25: 5550 58 0
E nitro atarch
: Tromax 65: 4500 55 58
H R nitro starch
T E . Tromax $5: 4350 58 55 .
: wityo starch
- Tromnx &5: 3600 [} 50
h nitro starch
: Tromax 95 1,66 6150 155 70 95
B nitro starch
= Honsanto
N 102 ) LAR0 s} 920
RCN 602 1.05 5400 76 1100
NCN 606 1.20 $700 1100
¢ W Powr 100: AN .90 3900 3 Al
HePowr 400: AN, Al .90 4200 39 Al
- HePowr 500: AN, 1.00 3600 R»
£ Fe, P°l,
MePouwr 600: AN, 1,00 4050 4l
Al, Fe, PO,

%or watialc prospecting, canned,

t’2 in. diametarx.

| €2-1/2 n. deamecer.

"For seoisnic prospecting: cannod; stronger than Nitrawon §.
®ias high-explosive charge in noso.

f3 in. dismater, unconfined.

80an be aasily deadwprossad if packed too hard,

hl-llﬂ in, diameter, unconfined.

Ghis/gw
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